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SECTION 1

Al1. INTRODUCTION

The increasing sensitivity, resolution and range capabilities of electronic sensors

such as radar, infrared, sonar, and EMW, are providing vastly improved target bigna-

ture data leading to the more effective detection, recognition, and identification of targets

of interest. To be useful, sensor data must be assimilated, essential data extracted

from nonessential data, management decisions made and actions initiated - all in a timely

fashion. This process requires that electrcnic sensor information be reduced into its

"essentials and be displayed rapidly and ;ccu:-ately to the equipment operator and system

manager on an i,,teractive basis. Machine-r.an-machine communications must be c~n-

cise and be accurate to optimize mission effectiveness. The 3-D visual display repre-

sents a potential solution to the problem.

A new technique for implementing a true 3-D volumetric display was independently in-

vented by Battelle Memorial Institute in 1970. The Battelle Development Corporation has

suhmitted a patent application covering the entire three dimensional display system. Dur-

ing the course of the work oh the patent application, several examples of relevant prior art

were discovered. In particular, patent No. 3, 123, 711, issued to Jack Fajans on March 3,
- - 1964, discribes a .'uminous spot display device. This patent is now assi~gned tj the Battelle

• Development Corporation. The Battelle technique employs two beaws of ele.-trornagletic

energy intersecting :it a point in space. (These beams either will be in the invisible regions

of the spectrum or will be rendered invisibit- through the use of appropriate filters). When

this is accomplished in the proper medium, visible fluorescence results at the beam inter-

section. The net result is a 1"apability for creating "points of light" in three-dimensional

"space. The basic property of Sequentially Excited Fluorescence (SEF) in a medium was

confirmed by laboratory experiments conducted by Battelle. Subsequent research revealed

potential implemenLations as well as needed areas of exploratior.. As a result Motorolc

and Battelle Columbus Laboratories formed a team early in 1970 to integrate the ultimate

"display, thereby adling development and implementation expertis ý to basic research

capabilities.

A proposal to study the basic SEF concept w%.s prepared by Motorola and submitted to

- ONR on Sept 1, 1971. The effort was considered by ONR to be the beginning of a series
of programs eventially leading to the development of a true volumetric 3D display. This

study program resulted in the initial ONR investigative effort. The intention of this

effort was to uncover the areas needing development emphasis based on technology trends.

With such infortration at hand, an orderly plan can be developed predicting the essential

construction of prototype hardware.

Duuri'ig the rourse of this study an attempt has been made to gather information relating

to basic volumetric display .system elements - energy soutrces, deflectors, and display media.
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Because of the extensive work accomplished to date, and tVie applicability of existing tech-
nology, the display system architecture iR not corsidered s critical area and was not ad-
dressed in t iis study. The study first derives the display perwformance equations, and then
considers the display media, the energy sources, and the deflectors. Also included is
a description of specific requirements ýr znrious classes of notcaiial displays, and a
time phas';d plan tor their realization.

What should be done next? Two avenues deserve imimediate attention. The first is to
study materials which have the potential for a higher operating efficiency (conversion ofI pump energy to useful outpu-t) than tne present display media. Such a program should con--

centrot,3 on gaseous display media for the following reasons:

1,Ease of fabrication of large volumes. This till be facilitla-ted by using a buffer gas
to ke-ep the display voltima at atmospheric press ure.

2. Avoida:.ce of ootical problems caueed by an index of refraction mis-match. This
is particuiz'rlY important for multiple vantage point viewing. L

3. Preliminary calculations indicate 'the possibility of high conversion efficiency.

it is anticipated that the end result of this program will be tiv, identification and charac-
terization of a gas suitable for a smaill display of several thousapd spctU when excited by

one watt lasers. In the past, almost all work on gases for the SEF display has been
th.cr.atical. The first result of such wor'k was the identification o± the range o-f parar-leters
to d-3scribe a gas suitable for a high performance display. Stated 5riefly, the gas should
h..we a c1 "nsity of 1015 molecules/cm 3. or greater, at tle operating temporature rf tne
display; it should have a ground sl-ate absorption lincu idth and nscillaLo-- rtrength consistent
with an albsorptio.a length of tens of centimvters at the operatng derisity; and it shculd have
an excited state absorption length of several millimeters. A theoretica; effort devoted to -

an estimate of the display capabilities of gaseous diatomic todin -- indicated that 12 shouldl
be capable of supporting a mnoder'ate display (several hundred spots or more) arid that IC1
(one of several potentially useful heteronuclear halogen molec:?les) shuuld be capable of
supporting a high performance display (sevtoral thousandJ spots). To date, experim ent2l
work with the halogen molecules has been liMited to prel~iminary absorption spectroscopy
and resonance excitation of visible tiourscence with a tunable dye laser. '!i!e second need
is to evaluate 3-D display aprlications and related human factors requirements. Ar the
developm~ent of any new Jisplay system, it is important to determine, as %,arly as possible,
the man-mnachine parameters inherent in the system. Generally, there paremeters are
concerned with operator functions such as detection and tracking, discernment of patterns,
and perception of spatial relationships. To obtain data on such pararnetees, it is coi;ventional
to construct a laboratory model of the display, system and conduct humaeu factors te-qis, as
required, to yield the requisite information. Mlotorola has proposed a program to satisfy
this need. As prop.sed, Phase I is an exploration of military applicat~ons for .'oiumetric
display, arnd Phase 2 is a human factors evalua!ioa using the data base ohftaired during
P1hase 1.
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SECTION 2

2. THREE-DIMENSIONAL TECHNIQUES, APPLICATIONS. AND HUMAN FACTORS

2.1 THREE-DIMENSIONAL TECHNIQUES AND POTENTIAL APPLICATIONS.

"Man possesses a highly refined and well practiced sense of depth perception which is

not used when viewing a conventional 2-D display. If a third dimension is added to a display,

system capacity is increased. "1

The ideal 3-D display offers the possiblity of presenting complex and/or fast changing

data to an operaLor in a fashion that enhances the operator's ability to interpre: silch data

and to perform resultant management decisions. In the ideal sense - '-D d~splay aiso would
render 2-D data portr.wyals where projections along selected axes are desirable. Atis prop-

erty is vital if the operotor's task requires more than a subjective examination of 3-D

data.

At present, four general approaches to the problem of presenting multidimensional in-
formation are distinguishable: codir.g in 2-D presentations, perspective and other monoc-

ular in 2-D presentation, stereoscopic 2-D systems, and volumetric (3-D) devices, The
basic characteristics of each are briefly summarized as follows:

2.1.1 Coding

= Coding techniques indicate a Inird-dimension on a two-eiriensional surface by graphi-

cal, numerical, color, or alphabetic symbology. Various schemes bave been evaluated over
the years and many are presently in use. A typical example is the •e-nge-neight display used

to supplement plan position indicators in ground control -pproach radars. Also supplemen-
tal alpha-numeric data blocks may be placed on a 2-D (isplay to indicate a third dimension

(a-crft altitude for example). This display technique is adequate for many applications
NO' suffers the serious disadvantage of display clutter when coding is applied to more than a

few targets at any one time. Dual 2-D presentations have the disadvantage of poor target
correlation if there are more than a very few targets on the display at any one time. In
g2neral, it may be stated that coding is a restrictive system of adding additional informa-

tion to a display; it is best applied on an individual target basis or upon request of the eq'iip-

ment operator.

2.1.2 Perspective and other Monocular Cues

A pseudo 3-D effect can be obtained by using mcnocular cues such as size, perspective,

or shading to produce the illusion of depth on a 2-D surface. Examples are the display of an
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object as an isometric projection, the use of a trapezoid to represent. a runway, simiil-
taneous modulation in the Y and Z axis to produce a bas-relief effect on a CRT, etc. While

displays of this nature indicate the presence of a third dimension, the indication is based on

the view from a single vantage point and the measurement of depth is not readily available

to an operator. Coding is required to measure depth, The restrictions of coding as de-

scribed in the previous paragraph apply to this technique. However, a major advantage of
this technique is that both inside-out and outside-in viewing can be portrayed to the

observer.

2.1.3 Stereoscopic Systems

Stereoscopic viewing of separate 2-D displays, one for each eye, employs the use of

binocular disparity as an additional optical cue to enhance the illusion of 3-D. Stere,. view-

ing has been evaluated for many yebrs from both the device and human factors standpoint.

While "his technique offers a realistic illusion of depth, it generally suffers the basic defi-

ciencies of single vantage point viewing and the wearing of special viewing devices. Recent

computer-generated displays have somewhat relieved the constraint of single vantage point

viewing by measuring the position and attitude of the observer's head and changing the dis-

played object accordingly. At present, computer generated displays of this nature are con-

fined to "outline drawings" of simple objects such as cubes, Lissajous patterns, spirals,

c 2. Tue elimination of "hidden" lines and generation of complex surfaces both remain dif-

ficult problems. Additional difficulties associated with stereoscopic viewing are the fact

that not all observers can accommodate this type of display. For some, eye strain results

and for others ihe illusion of depth is not evident. A further difficulty is the fact that depth

measurements are not self evident - - that is, some form of "depth coding" must be em-

ployed to assist in measurement.

Again, a major advantage is the feasibility of "inside-out" viewing, in which the

obsecver seems to be inside the displayed volume.

2.1.4 Volurmetric Devices

A volumetric display is the only technique that presents depth in a real rather than a

synthetic fashion. Thus, all of the optical cues are employed; that is, binocular disparity,

perspective, size, and focus. Viewing in the 'depth" axis is more easily accomplished.

Also, simultaneous viewing from multiple vantage points is inherent in the volumetric

display.

2.1.5 Summary

Much remiains to be investigated in the field of volumetric displays. The fact that data

displayed by light emitting points is "transparent" must be considered, although preliminary

experiments hav;e indicated ihat this will not lead to perception problems. Display size,

inside-out, and outside-in viewing are likewise basic considerations.
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Pierhaps the greatest single advantage of a volumetric display is the possiblity of com-
municating a "whole picture". As such, it appears a major use could be as a supervisory
display, i. e., a display useful to a group - - a display that would provide an overview of a
situation for high lovel command decisions. Situations of this nature characteristizally in-
volve a multiplicity of complex data with the requirement of fast and accurate management
decision making. Applied to a tactical situation, a volumetric display could enable a comr-
mander to view an overall aerial, surface, and undersea situation in a single display with
the freedom to change his view point at will.

2.2 POTENTIAL APPLICATIONS

The follo ving are examples of possible applications for 3-Di displays:

2.2.1 Ships;; Surface, and Submersible: (Sonar coupled and radar coupled sensors)

0 Combat .iiformation Center: Unified presentation of air, surface, and sub-
marine forces.

* Supervisory Obstruction Avoidance: 3-D portrayal of ice packs; bottom topo-
graphy.

* Fire-Control: Assignment of AAA batteries and missiles to specific targets or

threat sectors.

* Air traffic control: Supervisory.

* Target Recognition and/or Identification: Form recognition under conditions of
unfamiliar size and distance is enhanced by a 3-D presentation. Target signa-
,.re cue combinations such as range, bearing, shape, and spectra, p;esenled

in a 3-D form, may- well serve to "organi7e" the various s.gnature data in a
manner to enhance the operator target recog.ation/identification function.

S 2.2. 2 Aircraft, (Radar coupled)

* Drone Aircraft: Monitor and control of single or multiple drone aircraft partic-
ularly at the system management level.

0 Station Keeping and Rendezvous: Aircraft refueling, formation flight, and col-
lision avoidance are representative of fast changing situattons amenable to
display by 3-D) techniques.

* Fire Conatrol and Weapons Management: Thc guidance aad monitoring of air-
tco-air and air-to-ground weaponry is a possible use for 3-D displays.
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2.2.3 Signal Processing:

3-D displays offer the possiblity of enhancing the detection of signals in noise by por-
traying data in a manner so as to best employ the autocorrelation properties of human bino-
cular vision.

2.3 HUMAN FACTORS CONSIDERATIONS

Of the four general approaches to the problem of presenting 3-D information, the volumet-
ric and stereoscopic 2-D displays most nearly approach the ideal. The volumetric display
frees the observer from encumbrance, and provides a natural view to a large number of
observers. Against these advantages must be counted the transparency factor and the possi-
ble limitation to an "outside-in" view. The stereoscopic 2-D display, in principle, can over-
come these disadvantages by presenting a wide-angle view to each eye separately and caus-
ing the views to change naturally with head movement. This pr asently implies objectionable
observer encumbrances. Fundamental human factors evaluation material relating to 3-D
volumetric displays is as follows:

"• Inside-out vs Outside-in viewing.

"* Transparency of data.

"* Multiple vantage point viewing.

"* 2-D data projections of 3-D data.

" Number of data points required.

• Measurement accuracy (in 3 dimensions); cursor considerations.

Each of the preceding are related to operational requirements associated with the various
display applications. A human factors study in conjunction with an applications study is re-
quired to evaluate man-machine relations pertinent to 3-D volumetric ,displays.
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SECTION 3

SL3. DEVELOPMENT OF A MATHEMATICAL MODEL OF THE DISPLAY

3-1. MATHEMATICAL MODEL

F LThis section is concerned with the development of a mathematical model of the display,

starting with the solution of the physical problem of the sequential excitation 4J flourescaiice.
RIt has proven convenient to discuss the display in terms of the numner of floarescent spots
M which can be made to appear simultaneoulsy within the dispiay volume. This wimber is
determined in part by the characteristics of the display medium. The total number of ad-

P dressable locations, or the field of the display, is not so much a function of the material as a
function of the deflectors and optics. We will find it possible to desciibe the display in tertas
of the following parameters:

M Number of simultaneously displayed spots.

SR = The rate at which the display is refreshed (sec 1

L = The length of the display along the direction of the
ground state pump (cm).

d = The spot diameter (cm).

B = The spot brightness (foot Lamberts).

The physical problem to be solved is depicted in Figure 3-1 which is a generalized three
level energy-level diagram showing excitation by the ground and excited state pumps and
the various loss mechanisms. In a Battelle Columbus Labs internal report 1, it was shown
that the most efficient way to use a given average pump power is in the form of a sequenc.
of two short pulses as shown inFigure 3-2. This mode results in maximum utilization of
the excited state pump and therefore the highest overall efficiency, provided the pulse se-
quence is delivered in a time significantly less than the lifetime of the first exited state. Ii
neither of the pump pulses is sufficiently intense to saturate the electronic system, the solu-
tion of the rate equations under the short pulse approximation leads to

f31 - N IGtG ' 12IEtE 023 1131 photons/cm3 per pulse, (1)

for the flourescent output per pulse. The quantity N is the density of potential emitters and
"31 is the quantum yield for visible flourescence from the emitting level. The remaining

quantities are defined in Figures 3-1 and 3-2.

It is more useful to deal with average pump powers than with energy per pulse. This is
easily done by defining the pump powers 112 and 123 in terms of the energy per pulse and the
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_ _ _ _ _ _(t 0 ()

A 3

°12'121(t) °21 12(t) " R21

5 56.rz

Figure 3-1. E.'-.rgy Level Diagram .6

Energy lqyel eiagram showing absorption, stimulated emission, nonradiati,,e .ind radi-
ai,,e decays. Pump intensities !re I4j(t), absorption erc(sz sections, oij, uonradiative decay,
ratcEs R and radiative decay rates Aji, The desired output at ASI ncours at the rata N3A3 i
photons/cm 3 - sec.

tG- "•----t E -•40-

i TIME

:Figure 3-2. Excitation Puls'!e Pztttern

• The two excited pulses of intenbities IG and fE ar~d durations tG ano ,.resp-ctivels .%.re
shown applied sequentially in a time less t.han T... The clangc in population of the first ex-
crated state, r2, and the second ex,:it-ýd state, n.3, in response to tt-ese pilses ind.1--ated.
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numl-er of pulses per second. Thus,

Ii IýGtGM R.(2

a nd

123 lEtEM yL

SubstitWtirg in~to equ~i;.'n 1 y'Ieds

N I a' 3
F ~ 12 12 23 23 ~31 photons/cm per sec. 4

31 31

t The ground stati. pumpnr wi- be. exponentially attenu.ated as it traverses the cispimv znedimp~.,
Therefore, the ene--gy depesited per unit length wil: reach a minimum at the point in the
diap!%y fartheresit fvon the pciný aC. which this pump :eari enters t1~e displa~y. We wisit.- to
max'Amize the excited staie popu~latio~n ?t- this point. After trwarcs~rg a distance- x tflro;'.-i
the dispi y rnvdiurn the itumber cC 'centers whieb a grcund state puw-p Pul.8- will be aJile to

L e~levate to the first ex:cted state ;.i!be

N 2(x) = YI G G a1~ 2~ x

Maximizing N4. at the, far side- of a d;-splay c-f Pengfd, L yi-lds

12 N ~

It sh.)uld be~ pointed~ out ihat unless the walue td ;ý itidlcmted ,i y e~wio~j -Yia e.-ceeJ,. q rez ta;-
~nrimum it' he mate:1 i-, in question w' l1 prohably no*. be- suita±ble for !ý,e i-' ,he Jispl~ay.

2 er & gi ven brightnees, it i 3 evident L*.Iat zt-- density ef emnitters in INu upgo-r ;xCjk e state is
given by

Assuenirg tionsaturztic implie-ý fliz 0 C-1 -:N we()N - re'jairc trzt3 2

The spot diarne-t(r car be ir-c-itced as a~i exopli Pit paramtt.--r hv6-Vii~f zing tl.. output
flux F'1.1 ano the pump fluxss i I~ :,n te-rms of ihai output anz; inaut plbotor. ucwsit-es,

4 31
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and

1' =r icA/2; I. photnts/3ez. (G

S~:iti'tiig i~q.-3, 9 'mnd if) into Eq. 4 we get

M LR' (d2? 4'1=ZM I- 31 (d2 121 23 "23" 3 1 (

UI erc, the equat-on hais t-epn separated isito parameterki wb'.ei, desrilbe the ciuality cf rhe
dispia ax rrnaieters %hich deacrlbe the light sources and The display mrdium. The
zonstait ~,therefore, rep.rese'its a measure of !be quality the display, and at tbo same
time :i measure of the~ dtif-culty of aeohievi'mg the ruaterilak and light r-okirces to canstruct
the~ diaplay.

Asifinal ste-Psi in the. developrnent ot thme 7ystvs.m equation, the- br7,ghtnesE- will be. exp.-essed
in photometric ?::its using t.-, to)riversion

~i ~tr~1 r,31 31
'3 2.u 1 Xo~~-- V 0.o1 X 2 ___ V (12)

ard OP p anr:;. ýnteriz~ies 1?12 "~id F2,, will i--- e-.presse ýn fermc. of watts rather than ir.

M IZ64 ;2 Z3 -

(13)Ar -,..

4.4z 1-0 toh- Vfi "takt2 X2"

wi.ere VXi~ the visual sp~evral sensift%ý-ty coefficient -'uhki(h is ani;*y at iOe ser..3itivity peaic
(P. 5-3. anI faiis to zeri in th' ill and LIV j: gions o- the sp'c--.ruql.

3-2. A PRO?OSEO r'iSPLAY ---Ei(AICIii7

Hivin& developed -.n expression by which a given display -!3n bc c~.aracterize-1, it is now
possiule W. tawd'i ae the properCes of a pieoposed hierarchy of displays and calculate tlbe
characteristic parameter Z which i ~a measure of the difficulty of con.-truct' ng each of these
disp~lays. Thi.- is donse inTable 33--1. To reduce t.*me numtb.er of variables in Table 3-i, it was
a5.4surred that all of the disolays had -greer. A 1 - 0. 56 P '% cutt~rts. Thus

3131
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The lowest order display described InTable 3-1 is the bench model which Battelle Colum-
bus Laboratories plans to construct for the Air Force Avionics Laboratory. The most ad-
vanced display is the ONR goal which was discussed in Motorola's proposal to ONR resulting
in the current project. As can be seen, the Z values for these two displays differ by some
nine orders of magnitude. In the following section equation 13 will be discussed in terms of
some specific material parameters. It also will be shown that it is reasonable to span this
range of Z with improved display materials.

3.3 SOME OPTICAL LIMITATIONS

InTable 3-1, the display siz,, and the spot size have been kept relatively constant. Equa-
iAnn 15 defines tradeoffs between d, L and the other display parameters. However, these

parameters may not be varied without limit. The restrictions stem from the fact that true
collimation of a light beam is not possible, and the smaller the minimum beam diameter,
the larger the divergenc.%. The specific L to d ratio achievable is a function of a number of
parameters including initial laser beam diameter and beam quality, the tolerable spot varia-
tion and the focal length of the lens which is used. For example, it can be shown that for a

SL 2mm difraction limited laser baam, P 1 r.ete- focal leagth lens will produce a beam of 0.5
mm diameter which will vary by no more than 10% over a 20 cm path length 2. The achiev-
able L/d is, in this case, 400.

The L/d values for the four displays in the proposed hierarchy are given inTable 3-1.
These values as well as the time per event are also relevant to deflector characteristics
and will be rýierred to again in the discussion of deflectors.
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SECTION 4

4. T± E DISPLAY MEDIUM

4f. C-ITERIA OF A GOOD DISPLAY MEDIUM

The function of the dis.)lay irediuir is to coavert the energy oi the pump beams into fluo-
resceince at a wavelergth different from either inciderit beam. I. order to produce suffi-

cient iuteasity, the density of the active centers must exceed a minimum value. The min-
mum value is a iunction of the required brightness, the refresh rate and the intrinsic con-
version efficiency of the material. In addition, the lifetime of the first excited state must ex-
ceed a certain minimum value so that there is no difficulty in timing the ex-citation palses,
and yet this ifetime must be short enough so that no unwanted spots are formed. 1 These un-
wanted spots, or ghosts, occur when the ground state pump beam intercepts the path of the
excited state pump which has rnot yet had time to decay. In some materials, and particulacly
in gases, this phenomen ni can be controlled to some extent by introducing quenching mat-

erials so that the life time of the metastab!e state can be controlled to lie within a suitable
range. In a I-quid or gas, the fluorescence lifetime should be short ewrmgh to prevent dif-
fusion of the flMoi escing spot. In addition, neither nf the exciting beams should be able to ex-
cite the desired fluorescence without the cooperative action of the other beam.

A rimber of addit.ona' criter: . relating to the use of potential materials in the actual
display must be kept Wi -ind. For example, materials which present apparently unsolvable
containment problems oi unusually difficult preparation problemns should not be considered.

In Figure4-1 the interaction of an ideal display mateicial with the pump beam is depicted.
The ground state pump, entering from the left, is attenuated exponentially as it traverses
the display volume. The attenuation coefficiret can be -,rdjusted by appropriately choosing the
concentration of absorbers. It has been shown that th.ý nAtimum absorption l.enigth is the x-
dimension of the display.

Thc excited state beam, entering from the bottom, traverses the display wvith no attenu-
ation until it inter!e-,:s tL.; region previokisly traversed by the ground state pump. As shown,
it then suffers severe attenuatle'n in the prepumped region. Achieving this behaviour in a
3-eil material requires grt.and state an, excited state absorption cross sections which differ
in many orders of magni.tude.

4.2 "_'OTENTLAL DISPLAY M.MD!A

The following diccassion deals w:h specific classes of materials which have been con-
sidered as display media. Specific possibilities are idenified and an attempt has been made
to predict the perforr.nance expected of ttese materials and to indicate preferred research
paths.
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! 4.2.1 TrivalentRare-Earth Ions

LTrivalent rare-earth ions present as dopants in various solid matrice-, were selected by

Battelle as the first materials for study. The basis for this choice was that a significant
U. :amount of work on the use of these materials as infrared quantum counters had been done

and that the quantum counter and SE F mechanisms are bac ically the same.

: LThe result of the work on the trivalent rare-earth ions was that a number of possible
display schemes were identified and characterized. It was realized during the course of this
work that the efficiency of these materials in converting the energy of the pimnping beams to
the desired visible fluorescence was very low. This low efficiency is due entirely to the fact
that the transition between the first and second excited states is a forbidden transition and
therefore results in a very inefficient utilization of the excited state pump. There are two

. possible approaches to improving the eituation with the trivalent rare earths. The first of
these, which has been pursued to some extent by workers at the RIAS laboratory of Martin-
Marietta, is the control of the conditions under which the crystals are growa in such a way
as to minimize the number of crystallographically different sites in which the rare earth
ions find themselves. This is expected to result in narrower absorption lines and a conse-
quent increase in the absorption coefficient for the excited state pump. However, these ef-
forts are not expected to produce more than an order of magnitude increase in the excited
state absorption cross-section. A second approach which also is directed toward improving
material characterization by controlling the local environment around the rare earth ions is
to use host materials other than the fluorides which have been used to date. Experiments at
the Battelle Columbus Laboratory with Y2 0 3 host powders have sbown the potential of a fac-
for of 2 or 3 improvement over the CaF 2 host. Nelther of these properties seem to have a
sufficient payoff to warrant an extensive research program.

4.2.2 Divalent Rare-Earth Ions

The infrared and visible transitions of the trivalent rare-earths are due to normally for-
bidden transitions between levels of the 4fn configuration. They usually are made possible
by crystal field admixture of components of opposite parity in the wave functions and have
oscillator strengths in the order of 10-0. Allowed transitions do not occur until ultraviolet
energies are reached. Or the other hand, in the divalent rare-earths, the energy difference
between the bottom of the 4f-1I 5d and 4fn configuraticns spans _ range varying from the in-
frared through the visible and into the ultraviolet. There is, therefore, a possibility of find-
ing a divalent RE ion with a forbidden ground state absorption and an allowed excited state
absorption. This is the ideal combination for the SEF display. For these reasons some ef-
fort was spent in the investigation of the divalent rare earth ions.

It was found that of the fourteen rare earths, only 4 of the divalent ions fluoresce in the
visible region of the spectrum. These are Sm2+, Eu 2 +, Tm2÷ and Yb 2 +. Neither Eu 2+ nor
Yb 2 + have an infrared metastable level which would be suitable for use as the first excited
state in tVc SEF scheme. Tm 2 + is the only divalent rare-earth ion in which quantum counter
or SEF action has been demonstrqted. As was expected, due to the allowed excited state
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transition, its quantum efficiency was some 3 orders of magnitude higher than that exhibited
by the trivalent ions, However, tLh output wavelength in the material investigated (SrC12:
T,.n2+) was 0. 72p which is too far into the infrared region to be useful in a display system.

The work on the SrC12 :Tm2 + system was performed at RCA durir'g 196C under a con- -

tract from the U.S. Army Engineer Research and Development Laboratories. This work is
described in detail in a series of reports which do not contain any information suggesting any
modification of this system to make it a suitable display medium. The most discouraging
facts are that the host is not easily prepared in large single crystals and that the mechanif*n
of the fluorescence is not understood. This means there is no rational basis to search fcr

It hosts which might push the fluorescence wavelength further int•,i the visible. -

The potential of Sm 2 + is not cleac, and deserves some additional attenticn. it is known

that Srm2 + has 4f -+ 4f absorptions at 2.47pi and 4.37.-t. These lines are relatively narrow
(-20A) and have oscillator strength of -. 3 x 10-7. They have been observed in CaF2, bat
because they are 4f -+4f transitions they should be relatively insensit've to the particular
host used. There is no data available on the lifetime, or even the spectroscopic labeling of
those levels. An additional line is predicted at 3. li but has not been observed. If this Jine

is present, we can expect in most hosts a multiphonon decay of the 2.47p level to the 3. 1P

level. This will limit the lifetime of the 2. 4 7p level to less than 10-5 sec. If the 3. 1i level

does not exist, the 2.47p lifetime probably will be determined by radiative processes and w!ll

be in the millisecond range.

The excited stat' pump probably will be in the 8000A range and will pump a transition
whose oscillator strength is expected to be about 10-2.

It is anticipated that the Stokes shift will be such that the fluorescence will occur at a
wavelength sufficiently longer than the red end of the absorption band and that no r(absorp-
tion will occur. This should be verified experimentally.

The situation with respect to the output wavelength of Sm 2 + is not clear. In CaF 2 . there
is a large body of experimental data which indicates that the fli!orscence peaks at 7100A
for low temperatures anE' shifts towards the infrared as the temperature increases. The

0

room temperature fluorescence peai: is about 15004, which "s clearly unsuitable for the
display. However, according to Pringsheim, Sm2 + fluoresces at 6200A for which V? = 0.38,
This would be a perfectly suitable wavelength, but Pringsheim's book is not clear .,,hich host

material results in this fluorescence wavelength, although it is probably one of the alkali
halides. It is currently felt that the Sm 2 + ion offers the only worthwhile possibility tor use as
a display material among the RE 2 + ions. However, no definite conclusions can be drawn
without further investigations.

4.2.3 Other Solid Display Media

It is knoxw-n that a number of other ions, particularly those in the 3d period, fluoresce in
various solid matrices. However, no reasonable SEF scheme was found for these ions and
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no experimental display work has been done on them. An article by M. R. Brown and
W. A. Shand discussed these ions but presented no hope for tLeir use in the SEF display. 3

4.2.4 Organic Mclecules

Organic molecules offer certain clear advantages in any device application. Sufficiently

small changes can be made in molecular structure to provide virtually a continuum of prop-
ertfos withir a range reasonable for organics. The organic modules are convenient for gas
Dhase work since their vapor pressures are high when coaapai•-a th thf, • inorgan, see-

cies of similar molecular weight. This is a consequence of weak bonding in organic molec-
ular crystals versus the bonding in covalent or ionic crystals.

Thc spectral properties of organic molecules can be described in terms of the generic
energy level diagram of Figure4-2. The So0 S1 •±S 2 and TI4±T2 transitions are allowed.
The SI-+ So decay usually is responsible for fluorescence. This is because nonradiative de-
cays within the singlet manifold and intersystem crossing from the triplet to singlet levels
depopulate all but the S1 and T1 levels. The TI -+So decay and S1- So decay both can pro-
duce visible radiation. However, since almost any excitation of the molecule results in these
outputs, they are not suitable outputs for an SEF scheme. Only one case of S2 -*S1 floures-
cence has been reported (in the azulene compounds), however, no reasonable SEF scheme
exists.

Trhe only other viable scheme for utilizing organic molecules is to use the T2 -*T1 fluo-
rescence. This has been observed in rubrene. Two excitation schemes are possible, both
using the T1 level as the metastable state. This can be populated by direct So• -T 1 absorp-
tion or by the addition of a sensitizer to the molecule. As shown in the figure, the second
step is a TI-* T2 absorption. By virtue of nonradiative decay in the T2 manifold the T2 -) T
emission is separated from the pump wavelength by several hundred angstroms. This sys-
tem should be investigated.

4.2.5 Monatomic Gases

Because of their superior optical quality, ease of preparation, and reduced cost, it be-
came evident that gases were to be preferred over solids or liquids as the ultimate display
medium. In addition, each of the spectroscopic characteristics required of a superior dis-
play mledum are individually realized in many gases. Careful analysis and consul-
tation with a number of eminent spectroscopists (most extensively with H. Broida, Univ. of
California and K. N. Rao, Ohio State Univ.) resulted in the conviction that there was no in-
trinisic prohibition against these characteristics existing in the proper combination in a sin-
gle gas. Since there ,as A-tually no cohera, background of literature on excited state ex-
citation mechanisms in gases allcwing for onaracterizatior of 3•EF eiliciezcies, with a
screening process was iniiatd. This scraxning process wab d'ýsigned ta eliminate from
furthsr consideration those gases shown 4e be unsvitable op tl;e basis (,f ,).her well :xow
properties. This screening process utilizcd as basic crite-ia vie den.it v of the gras at
rensonable temperatures, the cnergy of tli' first excited state, an(' zhe presence of vi,,:ble
tluorescencc.
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Figure 4-2. Typical Organic Module Singlet and Triplet Mlanifoids

Diagram of the singlet and triplet manifolds of a typical organic molecule showing the SEF
scheme suggested for rubrene. The w~idth of the electronic levels is due to a vibrational and
rotational substructure which is not shown explicitly.
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Among the monatomic vapors, the minimum density criteria •iiminated all but the noble
5 gases and Hg. The noble gases h-.ve their first excited statL in the vacuum ultraviolet re-

gion and must therefore be discarded since no corresponding la.sers exisc. Na, K, Rb, and
Cs have similar chemical and spectroscopic properties. Based on several argumcnts all
may be eliminated from consideration. First of all, temperabres on the order of'5000 K are
required to reach the necessary density. Since these elements are highly reacttF:-, the Ole-

vated temperatures are expected to result in severe containment problems. Fhrtnermore,
I L sodium is the only member of this group with a bright visible fluorescence. Since this fluo-

rescence originates from the first excited state, severe single beam excitation prolsleirs are
likely. Consideration of the sodium energy level diagram reveal3 no promising SEF scheme.

""•-rcury is the only remaining monatomic vapor. It. previously had been dropped bý om
consideration for a number of reasons. The most notable -,ct is that- its lowest excited state,
63 Po, lies 2656A above the ground state and is-therefore well beyond the range of available
lasers. However, the advent of a tunable dye laser with a short wavelength limit of 215I)A
(CTromatix Model 1050) makes it advisable to reconsider this material.

[ The vapor pressure of mercury is such that the minimum required densiy is exceeded
at 30 0 C. The spectroscopy is exceedingly well known, and the formation of a visible spAt by
the SEF process was demonstrated in 1963.4 The excitation scheme used is Illustrated in
Figure 4-3. The 2537A line excites the atom from the 61 S. ground state to t•ie 63 P1 excited
state. A collisional deexcitation to the metastable 63 Po level then occurs, foPlowed by the
second excitation with 4047A radiation exciting the aom to the 73 S1 !evel. Th3 output at
5461A accompanies the decay to the 63 p.9 level. Zito ard .Sc•hr•-der report a conversion ef-
ficiency for this scheme which is several orders of magnituc.e better than we have obtained
with the rare-earth ions. This is due to the fact that the 63Po - 7"S. transition iQ highly
allowed.

S~0
Our initial calculations indicated an adsorption lenjth of less than 0. 2 cm for ;he 2537A

pump at room temperature. EfficienT pumping on a reaso-table volume is possible only by
utilizing the wings of the absorption line, the approach used b3 Zito. A better apprcach
might be to populate the 63 Po level directly, since the 61S,; -> AP transition at 2653A i.
weaker than the (31So - 63 P1 . Unlike the 2537A lihe, it. has the adrditonal advantage of lying
within the range of the Chromati. laser. We have not been able to frid a value for the
strength of this transition in the litei aZure reviewed to date buW ,ve have not yet yraie a ceou-
plete search.

There are a number of difficulties ý.ssori;'ted w:th the zise of atomic mercury as a dilsplav
medium. The most obvious problems ,est,-i1 fru.n very narn ow abscrpti n line..kidrs ( 5"
109 Hz or 10- 2 A at roo.n temperature). 1his mears that a spectrally very uarrow puT-.p
beam with a high degree n-.' stat il.ty rmusw. Le ucetl, Th• use of a spectrAly biroader lamnp
would, of course, resWt in inefficieneic.- since 'aort cf the pump energ, would lie eutside
the absorption line. Uy: lasers of the requirmd :,-bi'ii ard lirewidth dc exist at longer
wavelengths, but not yet at the u. -.. w,--clength rvq;,• rd )y mercury,
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Another pot,-t'a) problem withi mercazry is t:,e pus3ibility ef the p'iotaph~nfics! Iforina-
~ 1'tik.n of dimers with an atierident amissior. of visnIe rstdiattbn, Selection of a suitablie buffer

gas probably wlJJ minnimiz~e this problem. Mle basic qniestions tc be answ-rrd in *Ie evalta-
dion of mercury- as an SEF display mediumr are; Can the S3 P. I.nval be popul&e4d fir-ctly,
and what is the proper buffer gas, The major cixperinentzil problelah is exnafn- ti- be tJke

0
constructio- 3f a suitabie ultraviolet vump, At 26-37A, &;g lIIL-4j s probably 1-1- havc .o be

0
us.,ý. At :C56P. the only commercial source is the $40, 009 (.ig'cmatjx -ýve iaser. It ay 13z
possible to c 3nastruct a less expensive laser. Because of thW, veiv rartow liw%;~idt~hr, the'-
m~al sources are not expeetel to he itseful even for -,-per.mcLtaaI work.

4. 2.45 Diatomic Gases

Ite pauclt.- of suitable -io'w.'ornc g-%-ea led ti to ew~nd tie L-earch for 3'ý3 dispx.ty ir_,di&i
t-o the diatoixcler,. The same sort of screenirng kz'rocedure was uzea, a::- a nLinf-.-r of poteq-
Hial display media have been Midettfied. An immediate aidvartage of '-n 4iaf.omic: is -.hat t!.e
vibrationmd and rotAtional e-grees of frped.).n add sufficier.1 effective width to the ejeetro'rin
transi t4ons si="n'ýi3antly reducing hie k 'ý'r :ýoblem

The groups o; diz.tmic niole(ules vw'jeb were origiraUy o;' nsidaare'! w~ere:

Diatoiraic hahigene, El-. -1 2, Cl.,, and F'ý

*Diatonic mixed haicgtrxs sr ~as l(t 11.ý, r, aiva CI F

* iatoriic ilkail -ietais, Cc.) Rogas da2' r N-

*~~ Difm~ aL'ed alkai! -netal.3 such ai ('sRb and Na'(

*Diat,)mir nercuvy, Hg,.. and iaeic:Iry ~Ikali iietad _,atc ilics sewh a.-- C5lHg, RbI~gf
a~id a'Zig

*Diatomic 5'2', Se 2 - awtd T!

lb Diatomic N 2 2 , 029 ~ CC, and 3G.

Becpui-e of ease 41 %aniM!ng, ciern-ica1 .--OhIlity, av.,JUifl~iity m-0i kn'wn visible fluores-
cences, the diatninti lslogert, wer.e seletured tor injti-I study. The iodine molecule was cho-
sen for tbe fI-Ist detai!-! c.a~.olation.; since its spectroscopv 6 b est !%,no%.--ii of ýll the diatom~ic
h~abwgns. It -was ce""clurdec thint, within the limits of reliaoility set by the es~m.nwtes of
zertain unmeasured spertrosc~opic par-n eers, the iodine molecule '-as a hig~ prolbability of
being raicceesfully used ay. "he dicplay med.*Im in a moderate size dsplay. Te r iu draw-
back ci Ehe lociioe inolect'le scenied iGc be a rzather low excited state transiti.,at I.,.ob,-bility.
This problem r~m be :-Ieiviated by th.e subsequent use~ of q heteronuclea) uiolecule such as
ICI.
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The rosults of tho. ealculatlors and the fgct that the! 2 and ICI mo~ecales recifre pumip
wwvElengtQ3 in the infrared region covered b-1 avai!.ble tuy-able lasei s (e.g., tLe Chromatix
paramet.Sc oscillator,, -. d&cate that these molecules should be in-estigated.

4.3 SUMMARY

1ollds dort', with tr-vaiem. rare earth ;ons are the only materials for ,vhich we have com-
plete SEF data. These are relatively pour dinplay riatorials since the ground and excited
stat e absarptinns are forb;dde,, transiti,;ji with .wvprox-unately equnl -;isorption cross-
Rections. For example, if used wi~h 1 wait la- ,s, CaF2:E:'-2 )as a Z-value of 2 c 1016.
Tho oscllat(,r etrengt.h, which is rCe basic measure ot t ausition probability. is aluut .- 6 for
tri-a~ent rare earth. Osciiia.a'r strengt,.s of unity .re possi.'le and are observed in many
materiajl. Fur-therinrre, the line -i-ith o. the zo:.ic absorption in solids is on the order of

hi,*reds ,r Avnstromi units. The absorpticn zro0s-sc cton iD propo'tionwl to) fhe line width,
and ,Adtbs of 0. 1A are possWe ýn gases.- "erefore, 8 or 9 orders of magnitude improve-
rwetit in w- aerial chLracteristics shotL2d be cbtainable so that it is reasonable to think of Z
vaiues c, 1022 "er'g exceeded by sevwal orders of magnitude with 1 watt of average pump

Tae posobbilties fzr continuad materials research are swnmarized iaTabie4-L. it should
15 einrhasized thZ in estimatia- the 1,ltimate pcerformance of the materials listed, appro-
priate lasers ha-P been assumcd.

)n makim, re-onmmendadons for tle optimum path to follow in continuing the material re-
seare oprogram, ;f is necessary to define spEcific goals or a set of ground rules to aid in the
deetsicn Waking process. These goals muct be e-tablishod xwith materials research consid-
erec as pai-t of a system dŽvelopmeun program. Consequently, research priorities

aiust be influenced by the projected avai~ability of compatible components. Therefore, the rec-
oinmen-ed path may change drastically as te state of knowledge of materials, lasers, and
deflectors advances.

A _'X.terials research program should be guided by the short range goal of achieving the

First Interim Display (500, 2 ft-LamberE spots) while at the same time demonstrating the
capacity of the materials tc achieve at least the performance level of the Second Interim
Dispay (5000, 30 ft-Lambert spots). It is apparent that the trivalent rare-earths and TM2

should be elirainiated from corsideration. Mercury, a material in which 3EF behavior has
been demonstrated, presents severe light source difficulties both for ex e-imental work and
for the ultimate display. Thei cfore, experimental work on mercury should be deferred.
Hiwevur, since the literature on mercury is extensive, a man month of literature work
and calculations pc)bably will allow an accurate assessment of the potential of this material.
AttLrntion shnuld be paid to estimating the magnitude of deliterious effects resulting from
.hemi,'al inleractions of excited states. After this preliminary study, the decision to
pursue an eoxerimental program could be made when light sources become available.
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Another man month could be well spent in assessing the p-tential of Sm 2 +. The experi-
ments are not difficult and the potential payoff is quite high, especially since a solid display ii
medium, could be quite suitable for a panel mounted cockpit display. The experimental pro-
gram would consist of verifying the results alluded to in Pringsheim's book, and searching
for the metastable excited state of Sm 2 + in those hosts in which the ion exhibits visible fluo-
rescence. Some time and/or money would, of course, have to be devoted to material prep-
aration. This should not exceed the equivalent of a man month of effort.

L

The organic molecules represent an area with a high potential, but one in which the prob-
lems are relatively poorly defined. Modifications of the rubrene structure should be inves-

'7 tigated as well as appropeiate sensitization procedures. Calculations have not yet been done
on a specific molecule and our state of knowledge is rather primitive. The decision to under-
take a full experimental program should be preceded by two man months of preliminary mea-

surements a,,d calculations.

The preliminary work suggested for the organic molecules already has been done for 12
and tre results are quite favorable. A display of several hundred spots should be possible
using L2' and several thousand using IC1. The reason for including 12 in the experimental
program when we feel that IC1 has a higher potential, is that the spectroscopy of 12 is bet-
ter known and its inclusion in the program will allow a more systematic procedure to be
followed. The major component problem in a display utilizing the halogen molecules will be
the two to three micron lasers which are expected to be required for the excited state pump.
However, currently available parametric oscillators will be suitable for the experimental
work, and the reasonably broad linewidths encountered in these molecules at room tempera-
ture should facilitaLe the development of lasers suitable for the display. Major effort should
therefore be devoted to the study of these molecules at the present time.
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SECTION 5

5. _LFfAM DEF"JCTORS*

I. C RITERIIA

The farnction of Zhe bstm. deflectors -,s to cause the ontp,.its of the energry saurces to
vrriv.k at tl.' proper pcint of iatersection within the display volume. There are a vaz1ety of
pbivoieal mechanisms ývhieI, may be emnployei to create the required deflecti on. They maS
be evsluatcd auenoidin6 to thL- following criteria.

5. 1. 1 Two-apis Operatinn

7 The sys:.,-rn requiresE that each of t~he pump beams be able to be scanned in both azimiuth
and elevation, The &.flector therefore must be iaitrinsically capabie of two-axis djeflection
or it riusj' be psfi to e-tseade, tw3 orthogonally orientc,&, single-axis defleetors.

5. 1. 2 Random A ccass

The dci iectors mw~ t be designed for razidoin access rether tha 4 raster scmirn operation,.
fThe reasoi. for thi s zai be see&1a from thie followi ng example. Cor sider a dispxa7 %k ith 200
resolution elements per axis or 8 x 10") possiblel writir~g locations in the volume. Assume
that. 1C4 of these are being written in. If a raster scan is usad and the display is refreb-hed
30 times per secqod, then eý'Ach elen-1ein iT allottled A X - "etcozun per writing event. Tae
laser pulses must therefore be synchronized to n'anosecond accuracy which is ilot a eeaso'--
able )equil'e:ili'nt. In vddition, -'inco only i small frzctior of the passiole spoi locations
are bieing written in, either Cie laser niutst b: ptilsed irregularly or an attenuator must be
use~d to b'ock off the beam when in "enipty" location is addressed. The irregular pulsing
s ituation probably will reoult in u'.stab.le lasev 3utp-its. The -use of an attenuator in the pres-
_nt examnple, wil1 waste 99. 9%j of the lacer light.

.-{andori qcces~ operatiorn, o'n the other hand, allows 3 usec per ~v:i-*ting event and
regular lasei: operati,)n with no wa~ste of laser power.

A possible method f'or avoiding ghosts in the display vrolume would be to I'se a semi-
raster scan. This would mirimize the possibility of the excited state pu-np ove-rlapping the
region previously pumped by the grour~d state purip, bet wouid require pre-sorting of 'Lhe data.

5. 1.3 Waveletigtii

The dellector mnust upcrate a' thu. optical wavelength requ"red by the display material.
Scine dfrfle,-tora are e-xceedingly broa6band. (Jthcrs have a wavelength range wlichi may be

Casme :fthe information in this ~~inw-is develored by Battelle Columbus lUboratories
iunrer asrsipift:,e Air P'orce Avionic-S Lzboratol'y under Contract Number F 32615-
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limited by absorption in the deflector or the power required to deflect the beam is a function

of the wavelength.

5.1.4 Random Access Time

The number of events per second is ME, so the time per event is [MR]- 1 . As indicated

in Table 4-1, this tim. ranges from 5 msec to 0.67 /•sec. In each case the random access

time must be somewhat less than [MR]-I to allow time for the writing to occur.

5.1.5 Resoluticn

Again referring to Table 4-1, it can be seen that resolution of up to 300 resolved spots

per a;dS s req,iireo,

5.1.6 Pointing Accuracy

Th3 poirnting accuracy sbuld be considerably better than a spot diameter. There are

two reasons for this. The firot is that when angle deflection is used, angles intermediate
to those defining the spot locatitn ceuters on the entrance face, must be used to address

locations d&eper withbi tuie volume of the display. Second, and most important, is the

requirement that the pointing accuracy be sufficient to guarantee good registration of the

Iwu pumping beams.

The regi.3tration problem has been investigated quantitatively by assuming two beams of
Gaussian energy cross section, For ortnogonal beams, the spot size and shape is independ-

ent of beam misregLatratiorl. The effect of misregistration on brightness is shown in Figure

,-L It can be s&en that the brightuees is a rather insensitive function of registration. In

general, pointing accuracies of 0. 1 spot dia ieter should be quite sufficient.

5.2 DEFIECTOR TECHtNOLOGY

5.2.1 Me,-haiiically Driven Mirrors

Mechpnic-ally driveni mirrors are the zimplest of the available beam deflectors. They
have the advantage of being essentially lossless, but suffer from a rather slow response
time. Two basic types are available, galvanometer driven ond piezoelectrically driven.

Since Lhe lowest natural frequency of a unit is some measure of its time response in random
access 'peration, it is of interest to note that available piezoelectrically driven units have a
lowest natural frequency of approximately 12 KHz compared to approximately 3 K~lz for gal-

vanormeter units. For a 30/sec refresh rate, this corresponds to 400 and 100 soot maximum

capability, respectively.

A complicating factor in the galvanometer drive is its susceptibility to hysteresis effects

which in some units are as large as 4 percent. Since the higher response galh'anometer units
lack some internal means of position sensing to overcome the hysteresis induced error,
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it is necessary to always approach a newly commanded deflection angle from the same
direction. This has the effect of reducing the hysteresis induced error to acceptable
levels at the expense of nearly doubling randomn access time of the galvanometer drive.

In the piezoelectric drive, this complicatioli is circumvented by active position sensing.

Another usual characteristic of high response mechanical mirror drives is highly under-
damped operation. This has the effect of producing slowly decaying oscillations 9.out the
mean orientation. The effect of such osciliation would be to enlarge the apparent size of
the generated spot and decrease its boundary definition or cause misregistration. Since
this would degrade the viewing characteristics of the display, additional damping would be
required, decreasing the drive response.

5.2.2 Electro-optic Deflectors

Both analog and digital electro-optic deflectors are now under development. In the
digital type 1 each stage is composed of a polarization switch and a birefringent element
as in Figure 5-2. The switch chooses one of two orthogonal polarization states which have
different paths in the birefringent crystal.

For a system with n spots per axis, there must be p binary stages where n = 2P. Thus
for a display with 256 spots/axis, an eight stage per axis deflector is required, so each
beam must go through 16 deflection stages to effect two-axis deflection. The losses and
the problem in cascadipg the two deflectors using such an approach may be prohibitive.

ELFCTRO-OPTIC BIREF11hJGEN1
CRYSTAL MATERIAL

E-RAY

- ~- ---- 0-RAY

V 51564A

Figure 5-2. Typical Stage of a Digital Electro-Optic Position Deflector

One form of analog electro-optic deflector which has been successfully demonstrated 2 is
illustrated in Fieure 5-3. Through a series arrangement of electro-optic prisms, a light
beam is deflected by varying the refraction index of each prism. The deflection of the prism
is controlled by applying an electric field to its top and bottom electroded faces. Alternating
the electro-optic polarity of the prisms allows all prisms to be excited from a single polarity
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electric field providing alternate index variations. This configuration yields an output contin-
uously controllable in position beam, in contrast to the discrete bearm positioning capability

of the previously discussed digital electro-optic deflector.
HIGH VULTAGE

ELECT.ICDE

n_ - n°6 no-h no -6 -6

RAYS

0.......".: - .: ..-......

X +6.n+

HIGH VOLTAGE
ELECTRODF 51563

Figure 5-3. Refraction of a Light Beam Traversing an Iterated Electro-optic Angular
Deflector

Both types of electro-optic deflectors have inherent limitations for SEF use. Although
multistage digital deflectors have been built with resolutions in excess of 250 selectable
beam positions and random access response of less than 10 microseconds, they are princi-
pally limited by relatively low optical transmisMon efficiency and the necessity for high-
voltage drive electronics for each deflector stage. Similarly, better than 300-spot r-solu-
tio- h•s been demonstrated in Lhe prism Lype of electro-optic deflector. Although the prism
type of deflector exhibits a respectable optical efticiency of 60 percent, it suffers fromn high
load capacitance. This both limits random access times and increases t:.e complexity.

5.2.3 Acousto-optic Deflectoro

Several types of acousto-optic beam deflectors (AOBD) are commercially available whith

are well suited for use in most of the SEF displays described in Table 4-1. The AOBD con-
sists of an ultrasonic transducer bonded to ,a suitable transparent mnterial. The transducer
sets up at, ultrasonic wave in the material which causes a periodic variation of the index of
refraction of the acousto-optic medium. This so-called "phase grating" is useu to diffract the

incident light "ave via the Bragg effect. The scattering angle is determined by the ultrasonic
wavelength in the cell. The fraction of the incident light scattered is determined by the am-
plitude of the ultrasonic waves. The AOBD therefore may be used both as a deflector and as
a modulator.

Deflector resolution and bandwidth are interrelated by

N Td f, (1)
r 2a

where Td is the acoustic tiansit time across the optic aperature d, and Af is the .ivailAble
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hbandwidth of ultrasonic excitation. For uniform illumination of the deflector apertur_. a =

while for a circdlar Gaussian beam profile clipped at its le 2 intensity points, a _ 1.3.

The close relationship between deflector resolution and the sonic transit time across the

optical aperture. which is directly related to random access time, results in a tradeoff in

AOBD desigil. Acousto-optic deflectors are commercially available for operation in the visi-

ble spectrum having random access times as short as 1 microsecond and resolutions of 100

equivalent Rayleigh spots. At the other end of the spectrum are commercially available

units having resolutions of 575 spots and random access times of approximately 10 micro-

seconds.

The fractional light intensity of the deflected beam I compared to the input beam intensity

0Io depends both upon acoustic power Pa and the waveleugth, -)f the light beine deflected: 3

10 -sin (T \t~a (2)

Light deflection efficiencies are a reasonably linear function of power ur. to 70 to 75 percent
after which the nonlinearity of th? sin2 function becomes important. Also, for deflection of
longer wavelength optical beams, as indicated by equation 2, the acoustic power drive must
iticrease as the sqvare of the wavolength optical beams. as indIcated to maintain the same
deflection efficiercy, all other thinga being equal.

As a consequence of the interdeoendence of power and wavelength, acoustic power drive
must be increased or efficient defiEc'ion of ihdrared betrsIs. Minimum deflection efficiencies

of 50 percent ar2 available ' Arrently in commere.al nc-lls (if 00-,,pot resoli'tion, .,er the
i:•rared wavelength range up to 1. 361 . Cells sui~ahie ior deflection of beams with wave-
lerngths as long as 2p z.een. to be rell within th, )onds of existing technolagy. For longer wave

-. -lengihs, the use of g.ryraniir, as a dcflector mraterial is be;ug explored.

6- SUMMARY

The acousto-optic beam deflector currently has capablities sufficient fo Implema.n1 the
first three displays in thL hierarchy. The requirements of the 50, 000 spt dis lay will not
be mot by the curron't generatfon of AOBijs. To meet these specifications wft.t a single AOBD,
a ji.flecor material witi, g-eatly improved characteristics will be requircd. IX this iaterial
mi. r.ot f.'rthccming, a casca.ked system cor.sisting ,f a AOPB) for grcss dellec'ijon a-m an
"electro-optic detlector for ripid character or ahort line gener.th.-r iould be considered.
Such a 3y.-tet,, shoeld be sufliciently fast to satisfy evk-n the requirc. un:, of -he 5G,. 000 spot

*1di21lay. CZ coarse, using the character generator to ;-)me exteit w.tl .zanficE comnplete
rand-.m -ce.s opc-' ion but this shlauld r.ct be a .cious problem.

i"
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SECTION 6

G- El.ERGY iDURCES

G6-1 CRlTER-iA

Thke farctior. of the energy sources is to excitc a well defiwmd spot in the display mcdium
to the proper fluorescent level. To d3 thic, th,. energ3 sources must satisfy a .umber of c'.1-
Se:ia. Thlese will depend, to some extent, u:won the spe'Mifioý LisIl-ay !:ed.um aid the devirad
display cha.-acteristics. Howcver, oome geieý,al criteria can be aeed to .JefirAe tha energy

souroe problem.

6.!.1 Wa':eiength

It is desirable to use -,mip beams which ar:, P-ct *In tbJ :.bbl'- regiP9 ci Zhe sps.tru m,
Furthermore, the .vumbier of ues'rab 'o-s.e, whic• ;iav occur Yv'll L- minin:i-.ed if the:
lowest possAi'1e photon energv is used. The lowec L-n.t is ec, by two factec 3. First, if wt

st-e!is are s parated in e.crt,•, :,% !ess t•'yn about 7 k'T4, there wil- 'e stfaizi¶:Pt_ theirnal pe-.-
ulati.m of the -:nxoer level whhc'v will lead ;,. uv-,,vai-ted fluoresceac"-. The waveleugth orres-
ponding to this en. rgy t!4('0 cm-a 'ý ic 7 "microrns.

A shgh'ly morp s:vere upper limit on the wavelength is set by the requirt.nment that the
output ,vaveletnLh be sufficiently far removed from either of the pump wavelen ths so that
they mav be easil- separated by ab-orption filters. If a minimum value of 500A is chosen,
thrhin J e L-,ng.est pump wavelength for a display emitting green light, must be less than 6. 441.
Tb. wwli, of coarse, allow the other pump to be in the visible region. The requirement that
neitbeh pump be visible means that the shortest wavelength is 0.7p, so for a green display
tlte largest will be 2.4p. The range 0.7p to 2.4p therefore is the ideal range. Wavelengths
out to S. 4p may be utilizedA if the concomitant disadvantage of having one visible pump can be
tolerated. The specific wavelengths, #-f course, will be determined by the display medium.

6,. 1. 2 Linewidth and Stability

The linewidth and wavelength fluctuation of the pump beams must be less than the width
o: the absorption line. Excessive spectral width will result in part of the beam being unab-
sorbed and therefore wasted. Lack of stability will result both in wasted energy and fluctua-
tions of display brightness.

The minimum possible absorption linewidth is that due tc the Doppler broadening of an
atomic transition of a room temperature monatomic gas. This !inewidth is given (1 by the
expression,

2 A o (2RT n2) 
(1/

AND c



where A,) i the wav.elength of the center of the line and c, R, T and M are the speed of
light, niivcrss" gi- constatt, absolute temperature and molecular weight respectively. It
can easily be -?Pn that, ior atomic mercury at room temperature a 2500G absorption line

0
will have a widU, of 2, 2 x 10, 3 0. For molecular iodine, the Doppler width of an 3000A line
would be 642 x

The next broAd•ning mechanism which must be considered is pressure broadening. Add-
ing one .i-tnospht:e of argon to a room temperature mercury vapor 2 has the effect o; in-0

crcasirg the linewidth of 3. 02A. Larger effects are expected in iodine or more complicaed
niol+-cu' 3s .vith liqewidths np to several hundred angstroms being observed in solids. Thus
2he mi*in)umn, pump lin.nwidth required will be on the order of 0.01A, with larger values be-
ing acceptable for othei' materials.

6.1.3 Pulse Rate and Pals,; Width

Pulsea e•,:citation is 6esired both because it is the most efficient way to perform the se-
cuertiai Excitation, aid because there is a pause between pulses during which the deflectors
iuax biý swi.chEd t.o a I,ew position. The required pulse rate is MR pulses/sec and obviously
depends upon ti.e specific disrlay. Values of MR in Table 4-1 range from 200 to 1. 5 x 106

per second.

The entire pg.],-e 6equer-e.,. must be over in a time less than the shorter of 72 or (MR)-1.

6.1.4 Optical Qalt.-

'he pump be-ans :nswt ce of siU",icient optical quality to allow the formation of a spot by
tCie SEI. process at any point iu the -,'play volume with minimal variation in the spot size.,
If, as previously disciusced, a minimu:ri spot size of 6.5 mm is desired and 10% increas< in
this diameter is allowzd over t.he displ.qy volume, then for a 2 mm diameter gaussian laser
bcam, a 1 meter lens ,•l allow theý us,,, f a 20 cm display volume. This gives 400 resolv-
abie spots which is a re.•sonabie value for the upper limit of the display resolution.

The use of a beam of Ic• that, pei-et, q~iality (i. e., diffraction limited) will result in
cevere losses upon collimation and will hirit the effi:iency of several types of beam deflec-
tors. it is possiole to get a diffraction iý:,iited beam only from a high quality lacer
operatirg it, .r close to a single trZasversc mode (TEM00 ).

6.1.5 Average Pc.,:er

it is anticipated that, for an effieieL disiAay medium, one watt of pump power iciocnt
Uipov the medim. wi1l c-ufiee for a high capacity display. The losses in the system uioz;?

inct exceed 50"z, vu a :a~ei- power cA scvral watts should suffice. As tLe :ativ oi Y, ýo - 23
bec.mnas smaller, it cat. b! shown that the maximtm utilizable excited state rp.i-p pv-,:er
,:.-roazcs. 2ei- a g-od di,-plky mtdium, 112 should be several watts while 123 -
miiiwa.ts.
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f)2 LUSERS

L ~~~t is evident from the preet.d'ug discunsci taa~pi the ,-nar_ýy st-urep un'j hert ~*satisfied only by a laser. if the L qt 4J1tv p.oa".n- -cu'(!L* ,;it- ved, th-, linewidtb
and av'eragý- powe- req urui-entn cornibins to give " s-6e'ral pciwee 7ensity vWhch is in ger>eral unobfuna)',lt: f-o~n- -rky otk.er typoc -L, 'x*cc- Tha- most uwcful lasers are those whict, m~n
ce tui-Ad since it is tnrep~z~a-ble to o2A,iccr LOfcm.dCtee ',:,4ween a rpo---%r f-~&n
laser line and fine spe-i-";, warele-~t zerq-.Irez Ly :a mi~.ip~iaterial. For c-mni.'ete-
ums, fixed wav-mength- u.sers -. 1i :: -i,-Lussed -1ziefy. TI-e mýve:'al c! .,P- of tunabla- la-vrs
v,']'~ he rdea~lt w--id:h :&'-okalv.

.2. 1 Fixed' Wavel-a*gth j-abars

Ini 7aPbieC -1. are i1 :-tui; tho-,c la.ser Umbe whicaP ;we ;ýommr-.n.LdIAy avatŽ-nAe witia aver.-Re
pnwers greater 1 .0 inwzt~i. az-2., -ze t'a;twtiis i 0,6,;. eu... 4. -alse rates of Ilie
gz:-- lasers and cw-pumped solid s',te lpxer.s rarngi, for cw io It. Mt~fz cai, I-), Lt.Nel*cavityrdumping techniques. 3 1i die tabkmlv one m?.ufact-rt-ir was iidAca~ad for esch I aseý
al8thougltA in c-' ae t0 e, sevc,,&X sour;ý,., axe axv a'ioa4. T!.e ruby tacy v.as riot mrnludd& tince
itI IE difficuh. to pe~lse rapidly.

micron Tipei~ 'ManufLcturer

V. I., .000 i HTYAG Hughes (AFAL)
-30 Nd:YAG Chromathx

1100 f cIYAG CIL'onatix

0o0 NA::YAGz Cliromatix
3 25u J ,' -N e Spectra Physics

I V 96 N :YAG f Chromataux1. 112 2)00 Nd:YArG I Chrorn&tiy.
1. Gj4 -00 Nd:YAG Chromati~x
I1IOr64 1 ,00O0 NJ:YAG I Chronmatix
1.061 220 N d ~AG Clroma~ix

I.Ir52150 Nd:YAG j Chroma:;'c
r.90 G Nd:YAG chroirat'x
0.7960 !K'yptorz. Coherý.nt Ro~d1ztio-

0.752 2C rpmCbhten adi~io
0.1679 IN0 N~d:IAt"G Crornaiix
0.676 "150 Kryptor: Coherent Ra~tatioti
0.667 150 Nd:YAG Chrornatix



TablE 6-1. Potentially Useful Fixed-Wavelengths Lasers (Contd)

V"avel.:gth, Power,
micron mwatts Type Manufacturer

0,659 150 Nd:YAG Chromatix
0.664' 1,000 Krypton Coherent Radiation
0.633 50 He-Ne Spectra Physics

G•. 2.2 Pwrdmnetri. Oscillators

Thn opfici parametric oscillator (OPO) is a device which utilizes the nonlinear polariza-
tiiity e,. a nonceetrosymnmetric crystal to convert an incident laser beam into two beams at
!onger wavelengthe. The successful operation of an OPO was first reported in 1965. Sub-
sequent worl: r,,sulIed in extended iuning ranges and the demonstration of OPO action in ma-
t-z ,als &oher thii the prototype material LiNbO3 . The OPO field is one in which a good
deal of r-cparch is stiil being done. A very recent publication deals with a CdSe, OPO
wit.h outputs around 2. 2p 94id in lne 9, 6 to 10.4p region with anticipated 2p to 4,u and 8,u to
:15;1 tning ranges.

The output wavelength X s of the O?O is accompanied by an idler at X i" These are related
to tlh, pump wavelength A p by

-1 - -1 (2)
X. + =

Si p

An aidijit.nal constra4nt "for cumulative parametric interaction and thus significant gain is
t, !at the ,ygecrated polarization wave at each of the three frequencies travel at the same velo-
-ity as a freely propagating electromagnetic wave". The angle of incidence of the pump

bea.-n and the tcmperature of the OPO crystal determine the specific wavelengths which sat-
Ast-, the3e conditins. The OPO therefore can be tuned by angle or temperature variation.

"••esently, only one commercial OPO manufacturer exists. The available OPO has a tun-
iPg rmuge of 9i. 65p to 3p, but average powers are limited to less than 10 mwatts and pulse

rates are limited to 1200 pps. The tuning range is limited by the characteristics of the OPO
z:rystal (LiNbO3 ) and the range of pump wavelengths available from the Nd:YAG laser used
to punp the OPO. The power and pulse rate limitation arise from damage problems in the

!NbO. ano from the characteristics of the Nd:YAG laser. Currently up to 30% opti.;al con-
version efficiencies are possible, and not much increase in this figure is anticipated. How-
ever. averag, powers of up to 1 watt are predicted within a five year time period, probably
by increasing the size of the parametric interaction region and increasing the damage resis-
tancz of the crystals.

.n the 1. 7y to 3M range the current OPO bandwidth is aborZ 0. 004A. If the average power
and pulso rate or this device are increased as expected, it will make an ideal pump for the
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SEF display. Its only drawback is the cost, which currently exceeds $40,000. This cost is
expected to diminish over the next few years, although not to the extent which the price of
simpler lasers have decreased in the five year period following their introduction. It is en-
couraging that many var'iations of the parametric oscillator are currently under investiga-
tion. New operating modes, 8 and additional materials such as Ba2NaNb 5 0l 5 9 and U12
GeO 3 10 are the subject of recent publications.

6.2.3 Dye Lasers

The first operational dye laser was reported in 1966. 11 Since then, an enormous
amount of work has been done on various types of dye lasers, much more than has been done
on optical parametric oscillator. A recent review 12 of the dye laser area contains a list
of over a hundred references. This is by no means a complete list of the publications in the
field.

The primary reason for the relative amounts of activity in the dye laser and OPO fields
is that a useful dye laser can be built in a rather inexpensive, unsophisticated manner as
opposed to the sophisticated engineering and expensive components required for the OPO.

The operation of the dye laser is depicted in Figure 6-1. The dye molecule is character-
ized by singlet and triplet manifolds. Pumping is effected by optical excitation of the So-.-S 1
and/or So-.-S 2 transitions. The output is always a transition between levels in the S1 and So
manifolds. Since the electronic levels are broadened to several hundred angstroms by vibra-
tional and rotational interactions, the normal SI-,-So fluorescence occurs over a wide band-
width. Lasing action can be enhanced at a given wavelength in this band by putting a disper-
sive element in the laser cavity permitting only the desired wavelength to be amplified. Tun-
ing is effected by adjusting this dispersive element.

The triplet levels have two deleterious effects. First, nonradiative decays from the S1
to the T, level drain the upper lasing state. Second, and more serious, once the 'l popula-
tion becomes high enough, the lasing action is quenched since the TI-e.T2 absorption usually
corresponds to the Sl-o.So emission. A major advance in dye laser technology came when
quenching agents were introduced to depopulate the T 1 levcl thereby allowing dye lasers to
operate in a continuous as well as a pulsed mode.

There are currently a number of dye lasers and dye laser components commercially
available. These are pumped in a variety of ways, anc will be discussed in terms of their
potential use in the SEF display in groups according to the excitation mechanism.

Flashlamp excitation of dye lasers is the least expensive and, in many ways, the easiest
method of excitation. The prime requisite is that the flashlamp deliver sufficient energy to
the dye at a high enough rate to overcome the rapid S- .-So decay. Commercial systems are
available which produce 1 to 2 mj/pulse at rates up to 50 pps. The major problem in using a
flashlamp pumped dye laser in the SEF display is that no major increase in the pulse rate
seems likely.
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Figure 6-1. Energy Level Diagram of Typical Laser Dye

The obstacle to high pulse rates ultimately boils down to a heat dissipation problem in the

flashlamp/dye-cell system. Even if we allow a tradeoff between energy per pulse and pulse

rate, keeping the average powe coastant, the problem remains since a reduction in energy

pc' pulse is achieved by reducing the flashlamp and dye-cell size and consequently their

heat dissipation capabilities. Maintaining a large laser size and running at low energy out-

puts is very inefficient since the threshold energy still has to be overcome for each pulse.

A possible way around this problem is to pump continuously and pulse the dye output by

other means. The cw pumping technique has been discussed 13 but has not been achieved

with incoherent pumps.

14

Another limitation on high flashlamp pulse rates has been pointed out. In order to get

high-performance, high-brightness lamps, the internal gas pressure is critical. At the re-

quired pressures the recombination time after pulsing is about a millisecond. Pulse rates

exceeding 1000 Hz are therefore not possible with these lamps.
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There are several reasons for preferring to pump dye lasers with other type, of lrsars
rather than with flashlamps. The repetition rate and rise time problems can be overcome
with a number of Q-switched or possibly with mode-locked lasers. In addition, the Npetz a!,
purity of the laser output makes it possible in many cases to pumnp directly into th9 proper
absorption band of the dye. In general, pumping with a wavelength several bundred angtr',)mS
shorter than the dye output is the preferred mode of operation. However, by utilizing tie nu
absorption band (generally So---S2 of many dyes, the N2se 0 *Wo a enua x u-

dye lasers which completely cover the range from 3600A to 6500A. in addition, it i'as becnu

shown 15 that by introducing suitable mixtures of dyes into the laser cavity, this range can
be extended to longer wavelengths. This is accomplished by utilizing the transfet Oexcil&-
tion from a uv absorbing dye to a dye which doe.i not absorb at the pamap wave:•-rgh, but
where absorption band overlaps the fluorescence band of the first dye. Pulse ratas c the
N2 -laser pumped dye laser are currently limited to 500 pp.• by ihe palse rate of tvailable N2
lasers.

The ruby laser also has been used to pum.p a wide variety of dyes. Because of it. longero

wavelength (6943A as compared to 33711 for the N2 laser) the cuby is capable Gf pumping

dyes whose output extends into the near infrared region. However, the use of the ruby laser
as a dye pump is again not suitable for the SEF display because of puise eate li.n.tatias.

A more promising approach, especially at wavelengths exceeding 1 micron, is to 11se the
solid state neodymiuni laser as a pump. Excitation with a Q-switched Nd: glass laser (output
at 1. 06p) has resulted 16 in lasing over the range 1. 0810p to 1. 1815p using a variety of
dyes. The Nd: YAG laser is capable of much higher pulse rates than the Nd: glass lasez,
which means that a usable system, tunable in 1. 1 to 1. 2u range, should be possible.

As a result of increased understanding of the fluorescence properties of the dyes and bet-
ter optical cavity construction techniques dye lasers have been bnilL with greater efficiency
and improved operating characteristics. As a result of these advances, c(,ntinu:us operation
of a dye laser was achieved in 1970 17 using a 1 watt ?rgon !aser to excite th i dye.

Dye lasers have several advantages for use as sources for the SE F display. The optical
quality can be made quite high and the linewidths can be narrowed to less than 0.01A. In addi-
tion, they probably can be pulsed at high rates by usiPg a cavity dumped argon ion laser or
by using a cw ion laser and mode locking the dye laser. 1Z Mode locking produces pulses
at the rate of c/2L where L is the cavity length, and is therefore suitable only for very high
pulse rates.

Dye laser wavelengths are available up to about 1. 24, and it is probably u-nreasonable to
expect dye lasers with outputs at much longer wavelengths in the near fut-are. 'n fact, the
upper wavelength limit of laser dyes is expected to be about 1. 5/i 19 dite to the rapid trans-
fer of energy from excited electronic states to molecular vibrations. Or. !he o&hfr hand, bet-
ter pumping techniques for near IR dyes can be anticipated. It should ot posvihle to use the
0.647p output of the krypton ion laser to pump dyes which emit in the (0, 7P to C. 85At region,
just as the 0.5145p argon line is used to pump 0.58p to 0.76u dye iasers. Th(,-e is even the
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I ,osrihility oi pumpng with the G. 7624 kryptcon 1iie to g(t further into tne ]I:. Another possi-

Mility, which Cicr'xfld '.,t ._ i. corpst C.unable laser with a very high tvwra1 l efficiency, is
ý-o pump with an ay L ay of LED's whoee ouputt is Chs3Bn lo msc±ch the ,absorption band of the
dye.

Dye :aser systems can be us.-d t'o generate caeren.- radiation outside the emit"ting region
of the. ;, by ij1oying t variety of nonlinear optical effects. Frequency doublers ,an be
used to extcUud1 the dye lnser range inito the u;.. To gbaerate tunalie IR using visiblo dye laser
outputs, Dewey a-_d hucker rl-0 nAlced the turable laueiý dtaiat~on with the ..:xed wa-,elength
pump Wn a LiNbO3 cryntl. ',.y were P,)Ie to trt-e dhe differIce :trequeuacy in the 3 t- 441
"iegton. Ancther ~pproach g~bte•] by Hcrbst b is t-o ise ke 'yke to punv- a paramet•.ic os-
cil'.ator tn gr.t tunable radiation in the 0. 7 to 1. 6p range,. Progresti In many of these ar6e&s
is e7•pectca 'n the ry2t few years.

6.2.4 Other Lasers

"The parametr-ic -)sciliator and the dye kasf.r are the only commqeraialiy available tunable

lsers waiich are potentLhlly aseful as energy sr-urces for the SEF display, However, a wam-
ber of other .fpes ot tunable lasers should be mwatizrod because of their potential applica-
tion in the future.

There are a variety of seniconducting lasers with outpuOt in the nra.r infrared region.
The lasing action occurs in a very narrow junction region and, until recently, the output was
claracterized by being diffraction limited perpendiicilir to the plare ce type junction and some
two orders of magnitude worse than diifraction limited in the plane of the junction. This very
poor optcal r-aality made the injection lasers unsuitzdle for use as an SEF display pump. An
advance in diode laser technology which may remedy this situation waa the recent achieve-
ment 21 of single mode operation of a GaAs" laser by placing the active material in a well
designed optical cavity. The dinde laser now may be thought of as a potential SEF pump in
the 0.7 to 0.9p range.

There are also a variety of Raman lasers which may p eove useful. These are devices
which have the ability to effeetively shift a portion of the energy of a pumping laser to longer
wavelengths. The amount of the shift is determined by the amount of energy absorbed by the
Raman material during the process of being driven from its initial state to a different dis-
crete higher-energy state. Raman laser technology is not yet sufficiently well developed for
its potential to be estimated. However, it has been shown that spin-flip Raman laser 22
pumped by a CO 2 laser could be tuned over the range 10.9 to 13Up by varying the magnetic

field in which the laser was situated.

6.3 SUMMARY

The light source situation might best be summarized by saying that each of the criteria
previously discussed may be satisfied individually or possibly in pairs by some pardicular
laser, however, that there are only a few discrete wavelengths at which all of the criteria
can be simultaneously met. It is anticipated that should the nesd sxist, all of the criteria
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except average power currently could be satisfied over most of the dye laser wavelengft
range (0.5 to 0.7 micron). Furthermore, this range should be extended out to 1 micron or
longer wavelength& within the next few years. Average powers of several hundred milliwatts
are within reason.

The OPO is the only broadly tunable source which currently has an outprt at wavalengtbs
beyond one micron. Its average power will certainly be increased beyond the present 10 mil-
liwatts within the next few years. It is not clear whether its pulse rate will be puphed mu.h
beyond several thousand pps. It must be pointed out however, that in addition to the tunable
dye laser-heterodine system mentioned previously there is a variety of less broadly tuned
lasers available in the infrared

The continuing progress in the laser field makes accurate prediction of the --tate of the
L- art very difficult. Due to the diversity of approaches possible, the best tactic for the devel-

opment of the SEF display is to look for better display materials. Then if the materials are
good enough to warrant the effort, the specific lasers required by with these improved

U •materials should be developed.

I
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SECTION 7

7. SWGGESTIONS FOR FUTURE DEVELOPMENT OF THE SEF DISPLAY

Although the attainment of the 50, 000 spot system will require advances in the state of
all three of the major display' system components, the key to any major advance iies ir the
discovery of improved display materials. This becomes evident from a brief consideration
of the range of Z-valaes involved from going Irom the present scate of the art to the 59, 000
spot display.

Currently using CaF 2 :Er 3 + as the display mediu-i and 100 milliwatt lasers at the appro-
priate wavelengths a 10 to 20 spot system having a Z-value in the 1013 to 1014 range can be
constructed. To attain the Z = 1022 goal some eight orders of magnitude improvement are
required. For reasons of safety, size, power consumption, and to keep within presently
accepted bounds of reality, we are seeking 1 watt lasers for the final system. Therefore,
according to equation 3-13 we can expect to attribute only 2 orders of magnitude increase in
Z to loser improvements. On the other hand, as has been discussed at the end of the Dioplay
Medium Section an 5 or 9 order of magnitude increase in Z by virtue ol the discovery of
imorc •ed ,naterials is within reason.

Therefote it is evident that progression through the hierarchy must be lead by advances
in the efficiency in the display medium which, of course, requires the discovery of better
display materials. The projected development is predicted inFigure 7-1. The bench model
based on 1971 materials will be constructed after a suitable delay for the comAetion of the

system engineering work. Further limited advr ces may be achieved through additional
iaser development. InFigure 7-1 sufficient effort in the materials area is assumed so that
significant advances in the materials will be made in 1973 and 1975. In order to capitalize
on these advances, some time must be allowed for the construction of appropriate lasers.
Howcver, the long system engineering effort probably will not be r.quired for later systems
because of the experience gained during the construction of the bench model. Finally, for
the achievement of the ONR goal system a suitable length of time has been left for the final
deflector development. As can be seen, assuming a sufficient rate of effort, this system is
predicted for 1978.
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INDEX

Definition of Terms

t = time (sec)

F 31 (Brightness of Display Element (Photons/cma3 ptr set'

F 31 Output of Display Element (Photons/sec)

M = Number of Simultaneously displayed spots
-~1

R Refresh Rate (sec-1

L = Display Length (cm)

r = Radius of Display Element (cm)
2

I Pump Intensities (photons/cm -sec) (states i to j)

a Absorption cross-section for excited state pump

1131 Fluorescence quantum efficiency.

2 Lifetime of the first excited state

N din L total molecular concentration of active medium, (CM-3

in general n 1z N1

n.,(m;n. - Minimum iluorescence center concentration n(min.)

Spot Radius

d Spot dia (cm)

13 Spot brightness (ft - L amberts)
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II
0 absorption coefficient i--•j (states)

A.. = radiative decay rate (j---i) (sec-I

R = nunradiative decay rate (see)-

Z = Characteristic display parameter a measure of
display capability

V -, Visual spectral sensitivity coordinate

h = Planks constant

- Freq (Hz) of optical radiationi

xi - Wavelength of opticalradiation

ii
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